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Frequency-Reconfigurable Antenna
Using Metasurface
H. L. Zhu, X. H. Liu, S. W. Cheung, Senior Member, IEEE, and T. I. Yuk, Member, IEEE
Abstract—A frequency-reconfigurable antenna designed using
metasurface (MS) to operate at around 5 GHz is proposed and
studied. The frequency-reconfigurable metasurfaced (FRMS) an-
tenna is composed of a simple circular patch antenna and a circular
MS with the same diameter of 40 mm (0.67 ) and implemented
using planar technology. The MS is placed directly atop the patch
antenna, making the FRMS antenna very compact and low pro-
file with a thickness of only 3.048 mm (0.05 ). The MS consists of
rectangular-loop unit cells placed periodically in the vertical and
horizontal directions. Simulation results show that the operating
frequency of the antenna can be tuned by physically rotating the
MS around the center with respect to the patch antenna. The MS
placed atop the patch antenna behaves like a dielectric substrate
and rotating theMS changes the equivalent relative permittivity of
the substrate and hence the operating frequency of the FRMS an-
tenna. Measured results show that the antenna has a tuning range
from 4.76 to 5.51 GHz, a fractional tuning range of 14.6%, radi-
ation efficiency and a realized peak gain of more than 80% and
5 dBi, respectively, across the tuning range.
Index Terms—Frequency reconfigurable antenna, metasurface,
metasurfaced antenna, source antenna.
I. INTRODUCTION
D UE to the demand for integrating multiple wireless stan-dards into a single wireless platform, reconfigurable an-
tenna, also known as tunable antenna, is attracting much at-
tention. In general, the mechanism used to reconfigure the fre-
quency bands of reconfigurable antennas can be mechanical or
electrical. Electrically reconfigurable antennas, which are far
more popular, can be classified into band switching and contin-
uous tuning. Band switching can be achieved using PIN-diode
switches and the operating frequency band is switched among
different frequency bands, depending on the switching states
[1]–[3]. Continuous tuning can be accomplished using varactor
diodes and the antennas can be frequency tuned smoothly within
the operating frequency bands [4]. In designing these antennas,
direct-current (DC) biasing circuits are needed to bias the PIN or
varactor diodes. However, there are drawbacks in electrically re-
configurable antennas. For example, the electronic components
and circuits in the biasing circuits may have adverse effects on
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the antennas performances, DC electrical sources are needed to
drive the PIN or varactor diodes, and the antenna operation is
depending on the reliability of the electronic components and
the DC sources [4]–[12].
In mechanically reconfigurable antennas, the antenna struc-
tures consist of movable parts. Frequency tuning is obtained by
adjusting the movable parts [13], [14]. The main drawback of
such designs was that the overall antenna size required varied
with the tuned frequency. Moreover, the actuator used to pro-
duce the mechanical movements was very complicated and oc-
cupied much space, which led to a bulky and expensive struc-
ture. In fact, change of size and/or shape is the common problem
for most mechanically tunable antennas.
Metasurface (MS), a two-dimensional equivalent of metama-
terial, is essentially a surface distribution of electrically small
scatterers [15]. With its succinct planar structure and low cost,
MS has wide applications and one of which is on the design of
planar antennas. In [16], [17], it was shown that the performance
of a patch antenna could be enhanced significantly by placing
a MS atop of it. In our previous study in [17], it was demon-
strated that by adding a specially designed MS atop a simple
patch/slot antenna, not only the realized gain and return-loss
bandwidth ( ) would be significantly improved,
but also polarization conversion from linear polarization (LP)
to circular polarization (CP) could be achieved. The patch/slot
antenna (known as the source antenna in such design) together
with the MS was called MS antenna. In these designs [16], [17],
an air gap was used between the MS and the source antenna,
which substantially increased the volume of the MS antenna.
In this paper, a novel frequency-reconfigurable metasurfaced
(FRMS) antenna constructed by placing a MS atop a patch an-
tenna is proposed. To make the FRMS antenna more compact
and low profile, the patch antenna and MS are placed together
in direct contact, eliminating the air gap between them. Thus
the proposed design has the apparent advantages of compact
size, low cost and simple construction. Results of studies show
that the operating frequency of the antenna can be continuously
tuned by rotating the MS around the center and relative to the
patch antenna. For easy mechanical operation, the shapes of the
patch antenna and the MS are made circular with identical size.
The frequency-reconfigurable property of the FRMS antenna is
also analyzed and explained in this paper.
The main difference in the use of MS between the proposed
FRMS and our previous design in [17] is that, in the proposed
FRMS, the MS is used to tune the frequency and polarization
of the antenna remains linear (same as the source antenna),
while in our previous design in [17], the MS converts LP from
the source antenna to CP. The proposed FRMS antenna is
0018-926X © 2013 IEEE
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Fig. 1. Geometries of (a) patch antenna (source antenna), (b) metasurface, and
(c) unit cell.
studied and designed to operate at about 5 GHz using the EM
simulation tool CST [18]. For verification of simulated results,
the FRMS antenna is fabricated and measured using the an-
tenna measurement equipment, Starlab system [19]. Simulated
and measured results show good agreements. The antenna can
achieve a large tuning range and fractional bandwidth, high
gain, high efficiency and good radiation pattern.
II. DESIGN OF FREQUENCY-RECONFIGURABLE
METASURFACED ANTENNA
The FRMS antenna proposed here consists of a patch antenna
(as the source antenna) and a metasurface (MS). For easy re-
configurable operation of the antenna, the patch antenna and
MS are designed to have a circular shape and occupy the same
area. The patch antenna is designed on a double-sided substrate
using planar technology as shown in Fig. 1(a), while the MS
is designed on a single-sided substrate, as shown in Fig. 1(b),
and composing of a number of rectangular-loop unit cells as
shown in Fig. 1(c). The unit cells are placed periodically along
the -axis and -axis directions on the - plane as shown in
Fig. 1(b). As will be seen later, frequency reconfigurability of
the antenna can be achieved by rotating the MS around the
center relative to the patch antenna. The rotation angle is
measured from the -axis as shown in Fig. 1(b). Due to hori-
zontal and vertical symmetries of the MS, and the
maximum rotation angle without repeating is 90 .
In assembling the FRMS antenna, the non-copper side of the
MS is placed in direct contact with the radiator of the patch
antenna as shown in Fig. 2. This leads to a very compact and
low profile structure. The antenna is microstrip-fed using a 50-
feed-line. An SMA connector is fed to the feed-line through
the ground plane and substrate material. The FRMS antenna
together with the SMA connector is studied and designed on
a Rogers substrates RO4350B, having a thickness of 1.524 mm
and a relative permittivity of . The dimensions are
listed in Table I which is used to fabricate the FRMS antenna as
shown in Fig. 3 for measurement.
III. ANALYSIS OF FRMS ANTENNA
As will be shown later by the simulated and measured re-
sults, rotating the MS with respective to the source antenna will
change the resonant frequency of the FRMS antenna. Here we
attempt to analyze such frequency-reconfigurable property. The
Fig. 2. Assembly schematic of FRMS antenna.
Fig. 3. Prototypes of (a) patch antenna andmetasurface and (b) FRMS antenna.
TABLE I
DIMENSIONS OF FRMS ANTENNA (UNIT: mm)
source antenna used in our FRMS antenna is a patch antenna
which radiates linearly polarized signal and has a fixed funda-
mental resonant frequency. In our analysis, we start with using
an MS with infinite size, as shown in Fig. 4(a). A linearly po-
larized plane wave, with the polarization direction making an
angle with the -axis of the unit cell as shown in Fig. 4(b), is
applied onto the non-copper side of the MS. Computer simula-
tion is used to obtain the parameters of theMS. The equivalent
impedance and reflective index of the MS are then calcu-
lated, respectively, using [20]–[22]
(1)
(2)
where, in (2), , is the equivalent
thickness of the MS, and is the wave number. Note that the
calculated and are complex. For practical dielectric mate-
rials such as the Rogers substrate used in our design, the signs
in (1) and (2) are determined by the requirements that
and [20], where and denote the real-part and
imaginary-part operators, respectively. Using (1) and (2), the
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Fig. 4. (a) Simulation model of MS with infinite size incident by linear -field,
and (b) -field having angle with -axis of unit cell.
Fig. 5. Simulated (a) and (b) for different . Magnitude, red
:10 , green :35 , blue :55 and pink :80 , and Phase,
red :10 , green :35 , blue outline star on a solid line:55 and
pink :80 .
equivalent relative permittivity and permeability of the
MS can be calculated using [20]
(3)
Since the MS assumed here has an infinite size, periodic
boundary has to be used in computer simulation to evaluate
the parameters for (1) and (2). By setting the appropriate
boundary conditions in CST, the infinitely large periodic
structure shown in Fig. 4(a) can be represented by using only
one single unit cell [23], which significantly speeds up the
simulation process.
The simulated and with , 35 , 55 and 80
for the frequency band from 4 to 6 GHz are shown in Fig. 5.
Fig. 6. Calculated equivalent (a) and (b) for different . Real part:
red 10 , green 35 , blue 55 and pink 80 , and
imaginary part: red 10 , green 35 , blue outline star on a solid
line 55 and pink 80 .
Using (1), (2) and (3) and the results of Fig. 5, the computed
and using (3) for different are shown in Fig. 6. It can
be seen in Figs. 5 and 6 that affects and and hence
the calculated (or equivalent) and as indicated in (1)–(3).
Fig. 6(a) shows that, for different values of , is relatively
stable at approximately 1, just like any practical dielectric sub-
strates. However, Fig. 6(b) shows that, as increases from 10
to 80 , the equivalent drops from around 14.5 to 7.2, respec-
tively. Note that is in fact equivalent to the rotation angle
in our proposed FRMS antenna as shown in Fig. 1. Thus in our
proposed FRMS antenna, rotating the MS by with respective
to the source antenna will reduce the equivalent relative per-
mittivity of the MS, hence increase the equivalent signal wave-
length and shift up the resonant frequency of the antenna. This
will be verified by the measured and simulated results showed
later.
These results show that the MS could be regarded as a spe-
cial dielectric slab which has a variable relative permittivity
when illuminated by a linearly polarized plane wave. The value
of depends on the polarization direction of the plane wave.
To further study this, we compare the resonant frequency of our
proposed FRMS antenna with that of a patch antenna having a
dielectric slab atop of it. The computer model used for this study
is shown in Fig. 7, which is obtained from Fig. 1 by removing
the copper layer of MS. The dielectric slab has a thickness of
1.524 mm (same as that of the MS substrate used in our FRMS
antenna) and is denoted as substrate in Fig. 7. In the study,
the simulated of our proposed FRMS antenna with different
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Fig. 7. Computer model for obtaining equivalent .
Fig. 8. Simulated with different rotation angles and .
rotation angles are first obtained as shown by the dash lines in
Fig. 8. It can be seen that the rotation angles of 80 , 55 , 35
and 10 lead to the resonant frequencies of 4.77, 5.07, 5.27 and
5.51 GHz, respectively. Then the relative permittivity of sub-
strate in the model of Fig. 7 is adjusted in order to obtain
the same resonant frequencies in . In the study, the relative
permittivity of the substrate for the patch antenna remains con-
stant at . Results are also shown by the solid lines in
Fig. 8 for comparison. It can be seen that rotating the MS from
to 55 , 35 and 10 is equivalent to changing the rel-
ative permittivity of substrate from to 7.5, 9.5, and
13, respectively.
For further comparison, we also calculate of the MS at
these rotation angles using the MS model shown in Fig. 4(a)
and (1)–(3). The results, which have already been shown in
Fig. 6(b), are listed in Table II for comparison. There are slightly
differences between the simulated and calculated , which can
be explained as follows. A plane wave is assumed as incident
wave in Fig. 4(a), which is not the case in our FRMS antenna,
and the MS is assumed to be infinitely large in Fig. 4(a) while
the MS in our proposed FRMS antenna has a finite size. Despite
the differences, the method using the parameters to calculate
the equivalent permittivity is still very instructive in the design
of our FRMS antenna.
IV. SIMULATION AND MEASUREMENT RESULTS
A. Frequency Reconfigurability
The frequency reconfigurability of the FRMS antenna is
studied using the reflection coefficient . The simulated and
TABLE II
SIMULATED AND CALCULATED EQUIVALENT RELATIVE PERMITTIVITY FOR
DIFFERENT MS ROTATION ANGLES
Fig. 9. Simulated and measured with different rotation angles. 10 : red
sim red mea; 25 : green outline pentagon on a dashed line sim
green pentagon on a solid line mea; 35 :brown outline star on a dashed line sim
brown mea; 55 : blue sim blue mea; and 80 pink
sim pink mea.
measured of the antenna with different rotation angles
are shown in Fig. 9. It can be seen that the simulated and
measured resonant frequencies agree very well. The resonant
frequency is proportional to the rotation angle for the reason
explained previously. As the rotation angle increases from 10
to 25 , 35 , 55 and 80 , the resonant frequency shifts up from
4.77, to 4.9, 5.07, 5.31 and 5.51 GHz, respectively. The FRMS
antenna has the best matching condition when the rotation
angle is about 55 which corresponds to of the
MS (see Table II). As moves away from 55 , the matching
condition degrades due to the change of the equivalent ,
showed in Table II. To investigate the relationship between the
rotation angle and the resonant frequency, study is carried out
for to 90 at a step of 5 . The simulated and measured
results in Fig. 10 again show good agreements. The resonant
frequency is proportional to the rotation angle , which can be
explained as follows. In the design of MS, one of the important
parameters determining the property is periodicity of unit cells
on the MS. In our proposed MS shown in Fig. 1, the unit cells
have a rectangular shape and are placed periodically along the
- and -axes. In the co-polarization direction of the patch
antenna (i.e., along the -axis), the unit cells have the lowest
periodicity at and the highest periodicity at .
As the rotation angle changes from 0 to 90 , the periodicity
changes from the lowest to the highest, which corresponds to
changing from maximum to minimum. As a result, the
resonant frequency of the FRMS antenna is proportional to the
rotation angle . It can be seen that the resonant frequency
is quite linearly related to the rotation angle. Using linear
regression, the relationship can be approximated by a straight
line with a slope of 10.1 MHz/degree as shown in Fig. 10. With
the rotation angle increased from to 90 , the resonant
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Fig. 10. Resonant frequency vs. rotation angle .
Fig. 11. Simulated and measured efficiencies at different rotation angles. 10 :
red sim red mea; 35 :green outline star on a dashed line sim green
mea; 80 : blue sim blue mea.
frequency shifts up continuously from 4.76 to 5.51 GHz, with
a fractional tuning range of 14.6%.
B. Efficiency, Radiation Pattern and Realized Gain
The antenna efficiency, radiation pattern and realized gain
of the FRMS antenna at the resonant frequencies of 4.77, 5.07
and 5.51 GHz (which span the whole reconfigurable-frequency
range) corresponding to , 35 and 80 , have been
studied using simulation and measurement. The simulated and
measured efficiencies are shown in Fig. 11. Here the efficiency
is the total efficiency defined as the ratio of the radiated power
from the antenna to the input power to the antenna. It can be seen
that the simulated and measured efficiencies agree well and are
above 80% at the resonant frequencies.
The simulated and measured radiation patterns of the FRMS
antenna at the resonant frequencies of 4.77, 5.07 and 5.51 GHz
are shown in Fig. 12. It can be seen that the antenna has direc-
tional radiation patterns, same as a typical patch antenna. The
front-to-back ratios are all large than 15 dB. Co-polarization
(linear polarization along the -axis) is much stronger than cross
polarization (linear polarization along the -axis), with polariza-
tion isolation of more than 10 dB. Thus the MS simply shifts the
resonant frequency without affecting much the shape of radia-
tion pattern or polarization.
The simulated and measured realized gains of co-polarization
at the same resonant frequencies are shown in Fig. 13. Again
Fig. 12. Simulated and measured radiation patterns at resonant frequencies
(a) & (b) 4.77 GHz, (c) & (d) 5.1 GHz, and (e) & (f) 5.5 GHz, corresponding
to , 35 and 80 . pink : sim co-pol, pink : sim X-pol,
black : mea co-pol, black : mea X-pol). (a) -plane @ 4.77 GHz.
(b) -plane @ 4.77 GHz. (c) -plane @ 5.07 GHz. (d) -plane @ 5.07 GHz.
(e) -plane @ 5.51 GHz. (f) - @ 5.51 GHz.
Fig. 13. Simulated and measured realized gains at different rotation angles.
10 :red sim red mea; 35 : blue sim blue mea; 80 :
green outline star on a dashed line sim green mea.
very good agreements are observed. The measured gains are
5.3, 5.5 and 5.4 dBi at the resonant frequencies of 4.77, 5.07
and 5.51 GHz, respectively.
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V. CONCLUSIONS
A FRMS antenna designed using a patch antenna and a MS
has been presented. The resonant frequency of the antenna can
be mechanically reconfigured by rotating the MS around the
center with respect to the patch. The frequency-reconfigurable
property has been analyzed and explained. The simulated and
measured performances in terms of frequency reconfigurability,
efficiency, gain and radiation pattern, have been presented. Re-
sults have shown that the resonant frequency can be tuned con-
tinuously over a range of 750 MHz at around 5 GHz.
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